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Evidence for the Exchange of Hydroxyl
Radical with Water

By Otto L. Forchheimer and Henry Taube
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EVIDENCE FOR THE EXCHANGE OF HYDROXYL water enriched in Oil (N = 14.6 X 10-). The
RADICAL WITH WATER1  ratio of gas volume to liquid was approximately 5.

Sir: After a time, the gas was removed, dried, any resi-
Oter work has shown that the reaction of HIO, dual 0, was decomposed and the isotopic composi-

and 03 produces a powerful le--oxidizing agent tion determined. In an experiment on the direct
which reacts with O, H2O 2 as well as with less reac- exchange of O with water, ozonized oxygen at at-
tive substances such as Cl-,' Br-, HOAc, etc.2 It mospheric pressure, 7% Ol, was left in contact with
has also been shown that the same species is gener- enriched water, 0.04 3I in HC10 4 for 5 days. The
ated by the reaction of HCOOH with Ox.1 This isotopic composition of the gas remained un-
species has been described as the hydroxyl radical, changed6 at 2.000 X 10-1. In a typical experiment
and the decomposition of O0 which it catalyzes with H202 present, all conditions were the same ex-
has been formulated2' 4 as taking place by the steps cept the liquid contained 9 X 10- 31 11,02 (normal

HO + 0, -1 HO, + 0, isotopic composition, N = 1.997 X 10-1). After 3

Ho s--* HO + 20 days, during which time 4 0 77c of the 0 disappeared
HO2 + O and 30%-e of the H202, the isotopic composition of

This reaction scheme suggests a simplc tracer ex- the gas was found to be 2.0,54 X 10-.
periment for testing exchange of 110 and H20, The results quoted correspond to the exchange of
since the hydroxyl oxygen is converted to 02, which about one-tenth of the oxygen contained in the Os
is known not to exchange readily with HO0. Hy- which has decomposed. By the mechanism for de-
drogen peroxide chemistry offers no similar convert- composition which has been suggested, a maximum
ient means of studying the exchange, since the exchange of one-sixth of the 03 oxygen can be ex-
hydroxyl oxygen in reaction with H202 is presum- pected.
ably converted to water. It should be stressed that neither the earlier data

nor the present data prove that the intermediate in
HO" + H,,= H:0 + HO1  question is HO, The present exchange data pro-

This communication presents some results on the vide additional strong evidence however. H202, 02
exchange of Os with H20 induced by the reaction and 03 do not exchange at all rapidly with water.
with H20 2. In all experiments ozonized oxygen of Of the radicals HO, HO2 and HO, rapid exchange
normal isotopic composition (N = mole fraction of seems possible only for HO.
018 = 2.000 X 10-1; all izotopic compositions, More complete ,.perimental results will be pre-
quoted have been normalized to this value for NV) sented in a later report, containing also data on re-
was left in contact with a liquid phase containing lated systems.

(1) This re.search it supported by Office of Naval Re.sareh under 35) I. alkatine solution extensive exchange of ozone aud water doeg
contract N8g.ori-02023. The funds for the purcbaue of the mass tpev- take place.
trometer were supplied by the Atomic Entrzy commitsiou under

contract At(l 11-092. JONES HERBERT JONES LABORATORY

.2) H. Taube and W. C. Bray, THis Jotuit.At, $2. 3357 (1940). U'IVESIT-Y OF CHICAGO OTTO L. FoRcamIBIMER
(3) 1-1. Taube, ,bil., SI, 2453 (1041). CHICAGO 37, ILLINOIS HENRY TAIBE
(4) 3. Weiss, 7raor, Farad;y So:., 11, 1547 (1934). REcEIvED Jt'.NE 7 1952
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The Photochemical Decomposition of Hy-
drogen Peroxide. Quantum Yields, Tracer

and Fractionation Effects

By John P. Hunt and Henry Taube
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The Photochemical Decomposition of Hydrogen Peroxide. Qumntum Yields, Tracer
and Fractionation Effects

By JoHN P. HUNT AND HBNRY TAUBE
R3CMrwvD MAy 3,1952

The uuantum yield of thephotochetlcal decomnpotlon o hydrof n peroride at reldtlvcly high I!Sbt tntensty is ineepend-
ent f the eonc•tratio of hydrogen perozlie of aldity and of the presence in the solution of Br-, Ch-, NH44 or Mn÷÷,
At2 2, the Limlitngquantun yleld atX 257 A. IsO. -A: 0.•8and at 00 it is0.76 1 0.05. The prlmary effcencles are taken
as '/, of the limiting quantum yields, Trace" experiments show that the oxygen formed in the photodeconpoultloc oftii.
nates entirely in the hydroleti peroxide. The exchange between 0, and KH during the photodeco•potiton is at most
very = . The fractionation effect4 asksciated with the n-ehan W r for decomposition hayt been determined.

Vthe do not app to be cioatible with hydroxyl radicals us the sole net products Of the plima7 actt.

, The rrigiial purpose of the work described In this on the uranyl oxalate aetinometer was observed to be only
pae was to measure the isotope fractionation 3 of the effect when it was omitted, thus showing that me-

anry lines of longer wave lengths contribute little to the Lighteffects in the rftctioii energy. T7e larnpwas placed in a fused quartz tube cosed

HO + A 10. HO + Hof at one end, and this end was lowered into the neck of the
reaction fiLsk. Provision wau made for seali the quart
tube to the mouth of the flask. The Auk was fitted with

using light acting on hydrogen peroxide to generate an entry tube for adding solutions, and an exit tube, whichthe radicals. T frato tion f f t could be used to collect evolved gase.e TIn most of the experiments,, the light was used without
reactions a o intere in comparison with the coUliaton, the lamp being held several centimeters above
factors whilh have been measured for a number of the surfaceof the solution. Theligbtfluxforeachpartdcular
catalysts acting on hydrogen peroxide.' In order geometry was detcriuhned by replacing the hydrogen per-
to determine the fractionation fartnrs in a simple oxide utlon with an equal volume of acthyometer solution.'

The geometr described required correction of the reults
way from measurement on the photodc tuposit'on, for lncompiete absorpt:5n of light when the hydrogen per-
it is necessary to choose conditions so that the oxide was at low concentration. In the worst case this coe-
total deommposi.ion produced by the chain process reetlo was esmated to be 22%. Since the correction can.
be lae com.pared. to that by the sparate path not be made accurately, a series of quantum yield determina-

tions were made using a collimated light beam which wasog o the chain.initiatn•g and -ternmnating conined to the central portion of the solution. For this
steps, ie., the chain must be long. The work geometry the maximum correction amnounted to only 6%
of others has demonstrated,'-' and our ex"Prienr e and the results agreed with those obtained udusg ft Ulu-
has confirmed, the great difficulty that arises in mination. The solutloniwere strred byrocking the reaction

cell assembly, at by intg a glass srring blade, No
purifying the solvent and the reagents and other- diffece in results vm noted for the two methods.
wise conducting the experimlents so that the chain Except where the Influence of tap distilled water was
decomposition is restricted to some intrinsic path studied, redistilled water was used. The hydrogM peroxide
for the system such aw is represented above. The was Merck and Co., Ine., 30%/, inhibitor free. The results

at high light Intensity were found to be independent of lot
original goal has been set aside at least for the number of the hydrogen peroxide, of the perehloric aidd and
pr.ent and, in the work reported here, we have of the redmlstlled water, and as the results will show are re-
liited our studies to conditions under which the mrrrkably independent of the concentration of certain "cata-
chain decomposition is eliminated. This is lysts"
achieved by using light of sufficiently high inten- .Analyses for hydroen peroxide wer made by titration

with standardized ceric fl.ate solution, This was added
sity' and results in a system which is much less In excess and the excess determined by titration with stand-
sensitive to impurities. wrdized ferrous milate solution using the iron orthophenan.

Our results on the kinetics of the photodecoin- tiruae indicator.
position in" general confirm those obtained by Lea,' Results
and considerably amplify his. In addition to T I cotains a summary of the eperiments devoted
experiments on the quantum yield of the reaction, to a study of the kinetics of the photoreaction.
results obtained in tracer experiments and in the No special effort was made to vary the Intensity of the
study of fractionation effects are presented and dis- light. However, during the course of the work on changing
cussed with reference to mechanisms for the pri- the onmejtZ it varied ca. 2-fold, but no effect on 0 was

observed. Te obse:rvation that the quantum yield is sub-
rn act and subsequent process, stantlally Independent of (HA) further supports the con-

cluslon that it is also independent of the rate of absorption of
Experimental light since the number of quanta absorbed per unit volume

The light source was a G.E. 4-watt gcriaicklal lajp opc1r- changes. The rate of absorption of light was < 5 X 1011
ating from a Sola constant voltage tranaformcr. The lIght quanta I, "sec.- for all the experiments.
emitted in the wave length region affecting the uranyl oxal- In some experiments, the effect of passing gases through

the hydrogen peroxide solution was tested. When CC%, A
ate actinometer is almost entirely 2,M.7 A. Shorter wave or 0, was swept through, the rate ¢"f decomposition was un-
lengths are efficiently removed by the glss wvals )f the affected. The tests were made with HA, PA 8 X 10-' M,
lhmp. When a Pyrex glass filtur was httr~xasa~l, the effcLCt with acid at 10-4 Mand at 1 M atO0. Underthesame con.

ditlons, H, does aftect the rate, enhancing it when the gas Is
(I F A. F CJahill and H. T11e, Tm?; ,,•"tlAL, 74, •12iI5lI2). passed atahighrate. The gase;swere scrubbed by a solution
(2) F. 0, Rice nd WM. L. xiIItrivk.. r,. .VS (hfe,.., $1, 1507 of potassium Iodide after leaving the reaction vessel. Only

(1fa27(. with 0, was a noticeable amount of oxidizing agent carried
( 1) A . Aliarn.a and D. W. G. Slyle. I. Chrm. Soc., 300 (103n).
i 4) I. J. Heidt, Twit JouRNAL, 14. 24H) (1P32) M) W, (. .Lcighton and 0. S. Furbes, Tsii J'ORNAL, U, 5130
(3) D. I. Lea, Tras:. Faraday S&,., 41, SI (10 I1h. (1934)).
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TAUBLI I d.4f"
M t"TRZ QIVANTUM Y46LD OP "IHS PRoTonuoaCIPosrrMoM Of

HYDROOXH PUOX ID AT HinH Ltowrr Im'UIMrTY d(, ,

Concentrations in moleA/liter; time of insolatlo, 4 to 6 hi, - N
No. T, *. (HCIoe) o•ht? tbi. (HAW 0 " dO" + d0.2 1 (%W)

1 2 5-1: 1,0 ........ 0.017 0.90 d0 5 + dOw"(Op")

2 23 1 1,0 .......... .048 1.08 Tbe ubsripLgpandwfrfer ttoo Y tlt , hyd r -
3 2± 1 1,0 .186 1.29 . id4 asad water, respectivetly. dIeacribde
4 - , .......... . 1,80,.. .�tonatlion for the production of oxygen and water respe-
0 0 1,0 ........ .020 0.77 rewti"; thei identit. With s m accrac kw

0 0 1,0 ......... .020 .76 purpose
7 0 1,0 ...... 047 .84 f&.f.L
8r 0 1.0 .. .047 .02 1
0 0 1,0 0.02 At NaCI .047 ,.B f, IS obtalned by omaPLX thels top oeMpotion of the

10 0 1.0 2 X 10-8 M NH4CI ,047 ,8 reidual hydrogen peroxide sater a measured fractiona de-
ll 0 1.0 2X 10- Af NaBr .047 .89 compositioa (z) with thLt of the hydrogen peroxide initially
12 0 1.0 0. 05 MW IMh•ClOd)I -.047 .,8•IC f, ll._(~ )l(1 1_-)
13 0 1.0 0.01 At Fe(CIO)a .048 .49I (-N -)

13 0 1.044 0 10-1 ..... . 021 .80 The ratlo h'/1, is given by

15, 0 1.0 . .78 .77 I [ X

d1stiPsed, as Z
17" 0 1.0 ..... . 064 AS hmm~dald.ed, enkurn ~ht~~
18e 0 10- 4 . . . . .. 0 22 .84 be ca c lted . T he highes p reW~ o In mea i n ./ can be

a Tp dstlle, athr hanredstlle wterwa um -obtained by copara ,Ns ater very small h•¢odde-

T Collimated light beam. td comptlon with N'. In theUmitssx:-0,/.-Ng/Ym'.' C~li~td llb bemThij procedure wu adopted in a number of the nerlmets,

over, The amjount, which repretented only a small fraction the value being corrected for the aight change In Nr during
of the hydrogen peroxide decomposed was ver7 nearly the decomposition.
sam even when hydrogen peroxide is omitted frm the sys- The results obtained in a study of the f tion effecu
tern, and is attributed to the formation oi O in the oxyg•en are pre ted in Table II. Measurements of the quantum

The effect of Ce(CIOh was l smudied, u part of the experiment, nore as a
series in Table ii. The presence of Ce.÷÷ at 0.011 AI check on the process being studied as quantum yied
caused a decrease in 0 of c, 10%. determinations, It is of Interest to note that at 25 with-

A tracer eperiment showed that In the photodecompost- out added acid, substituting tap distled water for the re-
tion under the eondltons we have employed, the oxygen distilled water introduces a chain decomposition. At 0"
comes solely from the hydrogen peroxide. Therdore, th, with added acid, the corresponding substitutkm caused only
intermediates which yield O cannot undergo appreciable a slight increase in # (cf. experiments 7 and 8, Table I).
"exChan with the solvent, no can the hydrogen peroxide
undergo appreiabie exchange with water durn the Discussion
tion. The experiment was conducted by dissolving hydro- Lea' has shown that at sufficiently high light
gen peroxide of normal isotopic composition in water Mfold
enriched in 0J, without added acid. The mole n o intensty > 2.4 X 10" quanta 1. sec.- when
OQ3 in the Initial hydrogen peroxide (N,') was 2,123 X (HA,) is ca. 0.01 M) the quantum yield for the
10-8, In the oxye liberated after decomposition of 0.4 of decomposition of hydrogen peroxide approaches a
the hydrogen peroxide, (N,) 2.117 X 10-*, La d t liit whi&, Is independent of achidity and e the
sidu.i hydrogen peroxide ,N) was 2 148 X 10-. The
deviations of N5 and , from N are real, Within experi- concentration of hydrogen peroxide. Our observa-
mental exror they are the same as those obered when the tions made in the range of high light intensity
enrirnment has the mine isotopic oompositiot as the per- confirm these conclusions. However, the limiting
oxide, and are attributed to Isotope fractionation. value of (0.98 :1- 0.05) at 25* we have measured

The second type of tracer experiment w= performed in isaloerofhan(0.a8 ob0.05)daty25 eae1have eaIure
which 0 of normal Isotopic composition wapassed through is lower than that obtained by Lea, 1.39 * 0.11.
a solution of hydrogen peroxide ca, S-fold enriched in 0" in WeV are unable to account for the difference.
water of normal isotopic composition. After a considerable The observation that 0 decreases as markedly
fraction of the hydroen peroxide bad decomposed photo- as it does when the temperature falls proves that
chemically, Its Isotopic composition was determined. In
an experiment with the concentration of Hl0) initially at the limiting value of 0 -- ý L. at 25' cannot be
0.037 M and no aid added to solution, analysis of the oxy- attributed to a primary efficiency of unity. Two
gen released from the residual hydrogm peroxide (17%) on mechanisms which are consistent with the require-
oxidation with Ce(IV) showed Itto be enriched in On by menrt on the primary efficiency, with the kinetics
1.8%. This Increase is about what would be expected of of the change and which otherwi appear reason-
normal isotope fractionation In the photodecompositton
(v/,e in/ra) and is opposite In direction from changes ex- able are
pected for exchange. We conclude that exchange between
oxygen and HAO, direct and catalyzed by the photoproc- H, I + hr I 2HO 1)

14esMisveryAlight, at anyrate not great enougl to invalidate HO-+-H101 - Ho-p H10 3)
the meuurements of fractionation factors which are re- HO+ - HA + 02 ()
ported. A slight exchange effect (1%. change In N, pro- 2H0- H,01 +0, 4)
duoed by the photolysis) would however have escaped nit-•,e 1

The method of determining fractionation fiactors for the H1o0 + hP --- o HtO + 0 (1')
Isotope effects in the decomposition of hydrogen peroyAde, 0 + HAot - HO + HO, (2)
and the significance of data of this type, were outl.ned In an (1') and (2) followed by (8) and (4) as above.
earlier paper., Three fractionation factors are efinedy A reaction scheme in which tee products of the

(7) The dshnitku of the freselioatlon radms diem rfrM tht in11
reference 1. Although the pr,.,.-et torm is mate out ct, the values brtary act are H and H0 has been considered
ieldedaotrejected because changing the concentration
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TABz II

Imo'rOPS PRACMIONAToNN F"R1-3C• IN Tr 11ONOrlRCo POMOiTON OP lit% AT4 
- 2037 •.

Concentrations In moles/lker
(O Temp,, C. a e I/I Remarks0.1 Noee 25 • 1 0.378 0.990 0C.76 0.983 .........

Il N=4 25 zb 1 .204 M€• .......... 1.00
.1 No" 0,6+10.8 ,16 .991 ............
..1 Noce 23 1 .05 .989 .. .
.05 No"e 25 CM1 M68 IM8 .978 .984 . .... 1

S .025 None 25 :1 .43. . .988M
I No 2,5 h1 1816 Qffi .9X .W8 Tap distiled HtO 8.8

K .06 1.00 25 1 .679 M89 .g .99 .M 1.00
.05 1.00 25 1 .697 .989 .905 .992 ....... 0.9
.05 1.00 25 :-1 .740 ....... 9 ........ .96
.05 1.00 25h "1 .87 ... .86 6 X 10-9 M Fe÷++ .91
.05 1,0 OD %1 1 .687 .981 .951 .9M6 10-8' Fe... .88

of oxygen over a %ide range has no effect on the for example, may merely be to replace reaction 3
rate. Oxygen competes effectively against HA by
for hydrogen atoms,$ and would therefore cause a Br + HA .- H+ + Br- + HO,
decreaAeinif hydrogenatomswerepresent. Similarly with Mn++, the formation of Mrn+++

Both mechanisms I and II a-e consistent with would be followed by
the t~race experiments. By each mechanism a Mn*+* + He)~-p.P Mn++ + HO, + H+
limiting value of 0 is reached which is twice the
primary efficiency, The primary proem can be without necessarily producing a change in quantum
considered in terms of the scheme yield. Evidence that Fe+++ does participate,

although affecting 0 only slightly at low concentra.
HA + I,-0 Hs0t° tion is that fo and f, change when Fe... is added.
HA*, -- H#Ot. k4  The changes in the fractionation factors prove that

HPood-tion, k, new substances are reacting with HAO, when Fe.+.

HA* represents the activated entity, whether an is present. When tap distilled water replaces re.
electronically excited species or radicals trapped distilled water, a ch:lu decomposition of hydrogen
in a solvent cage. Using the limits of # as establish- peroxide is initiated. The values of f are different
ing the Pritmary efficiencies as 0.49 and 0.38 at from those observed when the limiting quantum
25 and 0', respectively, k,/kd at the two tempera- yield is observed, and show that new intermediates
tures is 0.iS and 0.61. If the temperature coeffi- are involved. It is very doubtful that these are
cient of kd is assumed to be unity, the activation HO and HO%, and they are presumably formed from
energy corresponding to dissociation to effective some impurity, dissolved or solid, in the tap dis-
products is 2.9 kcal. This value seems reasonable tilled water. The experiments with Fe+++ added
in comparison with ca. 7 kcal, for the corresponding are difficult to evaluate quantitatively. At 10-'M
process for bromine and the value for chlorine Fe++* only 3%o of the liot is absorbed by HAO.;
(wave length dependent) of ca. 3 kcal.' In all however, the quantum yield is decreased y only
cames, the values represent lower limits for the 400%0. A question of interest which will require
activation energies of the dissociation step more data to be settled is whether light absorbed by

Even if hydroxyl radicals are assftmed to be Fe+++ is also photochemtically effective. If Pe4 ++
formed as primary products of the absorption of acts as an efficient internal filter, it must act also to
light (mecharism I), it is not unreasonable to increase Ile chain length since it produces a rela.
suppose that they can tndergo reaction in the tively slight change in 0 when present in sufficient
solvent cage to form the products HO + 0 amount to absorb nearly all the light. The de-
(mechanism II). "Escape from the solvent cage" crease in 0 produced by Ce+++ may be due to an
on this interpretation means formation of these internal filter action.
products in competition with reunion and deactiva- It is of interest to consider the measured values of:,tion. Good evidence that the reaction of hydroxyls to and fr in relation to mechanism I and II. For

to form HsO + 0 takes place has been presented mechanism I,f. = fs.f4 andf, - fi, fdescribes the
by Hardwick." discrimination between isotopic forms of HAO,

The fact that substances such as Br- and Cl- in reaction (1),fs in reaction (3) and f4 describes the
which are known to react with HO11 do not isotope discrimination when HO% forms 0%. On the
affect the quantum yield does not prove that HO basis of mechanism I, the fraztionation of isotopes in
is absent, The effect of the reaction forming water takes place only in the primary act

(HO once formed yields water with no further iso-
SHO + Br - OH- + Br tope discrimination). The observations on f, are

(8) R. 7rcke., J. CUPr, Phyt,,I, 840 (1034). inconsistent with this mechanism since it provides
'9) A. C. Autemberg and H. 'raub., Tints 30VINAL,Y, 4t7,1, 442% no way of explaining the change off, with acidity.

(1051).
(10) T. . Ha.rdwick, Can. J. c ., , 2 (15). Further, the magnitude of the iractionation effect in
(11) H. T'iub. -- W. C. Bray, Tan javaxu- U, 57 (104O). low acid (4 0.977) seems too great to be attri-
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buted to a primary act of efficiency nearly 0.5, chain lengths are long makes it questionable to a&-
Mechani•m II as writtea similarly gives/, - and sume that the chain carriers are these radicals in
meets the same *dculty. However, if it is sup- any particular case. The fractionation factors
posed that at low acid, reaction 2 takes place as fa and/f should be useful in characterizin the inter.

O0 + OOH- - 0'0 + OH- mediates in future work. They have the advan-
the necessary degree of freedom to account for the pe d rte measurements that they are Inde.

ihnenfis introduced. An analogouts change pendent of chain length, and are affected only by
chang un chan ngi the identity of the intermediates. Thusin lmne zhan I do es not appear as rea so n~able with a m e t li h b t rt a c s o l y b e n

HO as the reactant. The fractionation data tend an•Wta1 inhibitor that acts only by breakingto dq •mech m 1, and favor 11 as a means t tha will affect the quantum yield but not theof allsz the observationan values of f0 and f,. It is assumed in these remarks

that the chains are long enough so that the prlnci-The transition from the limiting- decomposition to . pthfor decomposition of HA0 is by the chain
the chain decomposition has been discussed by
Leao The slight trend in # with concentration of •
hperoxide (Table I, experiments 1-4 and Acknowledgment.-This work was supported by
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poition, which dlminishes a the peroxide cM. oti-02M28. The funds for the purchase of the mass
tration decreasu It is by no means certain that spectrometer used in the research were supplied by
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